Keifer J, Zheng Z-Q, Zhu D. MAPK signaling pathways mediate AMPA receptor trafficking in an in vitro model of classical conditioning. J Neurophysiol 97: 2067-2074, 2007. First published January 3, 2007 doi:10.1152/jn.01154.2006. The mitogen-activated protein kinase (MAPK) signal transduction pathways have been implicated in underlying mechanisms of synaptic plasticity and learning. However, the differential roles of the MAPK family members extracellular signal-regulated kinase (ERK) and p38 in learning remain to be clarified. Here, an in vitro model of classical conditioning was examined to assess the roles of ERK and p38 MAPK in this form of learning. Previous studies showed that NMDA-mediated trafficking of synaptic glutamate receptor 4 (GluR4)-containing AMPA receptors (AMPARs) underlies conditioning in this preparation and that this is accomplished through GluR4 interactions with the immediate-early gene protein Arc and the actin cytoskeleton. Here, it is shown that attenuation of conditioned responses (CRs) by ERK and p38 MAPK antagonists is associated with significantly reduced synaptic localization of GluR4 subunits. Western blotting reveals that p38 MAPK significantly increases its activation levels during late stages of conditioning during CR expression. In contrast, ERK MAPK activation is enhanced in early conditioning during CR acquisition. The results suggest that MAPKs have a central role in the synaptic delivery of GluR4-containing AMPARs during in vitro classical conditioning.
I N T R O D U C T I O N
Recent studies implicate the mitogen-activated protein kinases (MAPKs) as having a crucial role in synaptic plasticity and memory formation (for reviews see Sweatt 2004; Thomas and Huganir 2004) . The MAPKs are divided into three different signal transduction pathways that include the extracellular signal-regulated kinases (ERKs) 1 and 2, the c-jun N-terminal kinases (JNK), and the p38 MAPKs. Along with an array of other protein kinase second-messenger systems, MAPKs have been shown to be involved in mechanisms of long-term potentiation (LTP) and behavioral learning paradigms, particularly fear conditioning. The challenge is to identify the different roles of these signaling pathways in learning. In vivo studies of the rat hippocampus after contextual fear conditioning showed that ERK activation was significantly increased by an Nmethyl-D-aspartate receptor (NMDAR)-mediated mechanism and that blockade of this pathway before training inhibited learning (Atkins et al. 1998) . Similarly, intrahippocampal or intraamygdala infusion of specific inhibitors of the ERK MAPK pathway interfered with fear conditioning (Merino and Marin 2006; Schafe et al. 2000) . In contrast to these studies, evidence suggests that p38 MAPK is involved in acquisition of inhibitory avoidance (Alonso et al. 2003) . Considerably less is known about the cellular mechanisms that underlie eyeblink classical conditioning. The ERK and p38, but not the JNK, MAPKs were previously shown to be upregulated in the cerebellar vermis of rabbits submitted to eyeblink conditioning (Zhen et al. 2001) . Moreover, in that study a p38 MAPK antagonist applied by intraventricular injection appreciably attenuated eyeblink conditioned responses (CRs), whereas an ERK antagonist had weak effects on learning. The specific roles of ERK and p38 MAPKs in these different forms of learning remain a subject of intense scrutiny.
A great deal of progress on cellular mechanisms of learning has been made using in vitro model systems. We have developed an in vitro model of classical conditioning that generates a neural correlate of eyeblink responses to examine mechanisms of CR acquisition . In place of using tone and airpuff stimuli as in behaving animals we use paired stimulation of the auditory nerve (the conditioned stimulus, CS) with the trigeminal nerve (the unconditioned stimulus, US) and record burst discharge in the abducens nerve characteristic of conditioned eyeblink responses. The neural pathways under study are somewhat simplified and limited to the pontine blink circuitry (see Fig. 1A ; Zhu and Keifer 2004 ) and the preparation has the advantage that bath application of pharmacological agents can be used to selectively test for activity of protein kinase cascades in this form of learning. Evidence suggests that NMDA-mediated trafficking of synaptic glutamate receptor 4 (GluR4)-containing ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) underlies conditioning in this preparation (Keifer 2001; Mokin and Keifer 2004) and that this is accomplished through GluR4 interactions with the immediate-early gene protein Arc and the actin cytoskeleton . Recent ideas on the control of AMPAR trafficking implicate the MAPK signaling cascades. One model suggests that Ras-MEK-ERK signaling regulates synaptic delivery of AMPARs and synaptic enhancement, whereas Rap-p38 controls AMPAR withdrawal and synaptic depression (Zhu et al. 2002) . The present study was undertaken to determine key elements in the MAPK signal transduction pathways that control synaptic delivery of GluR4-containing AMPARs and conditioning and addresses hypotheses regarding MAPK regulation of AMPAR trafficking. The results demonstrate that both ERK and p38 MAPK cascades are involved in postsynaptic mechanisms controlling synaptic delivery of GluR4-containing AMPARs during in vitro classical conditioning.
M E T H O D S

Conditioning procedures
Freshwater pond turtles Pseudemys scripta elegans obtained from commercial suppliers were anesthetized by hypothermia by placing them in a freezer until torpid and decapitated. Protocols involving the use of animals complied with the guidelines of the National Institutes of Health and the Institutional Animal Care and Use Committee. The brain stem was transected at the levels of the trochlear and glossopharyngeal nerves and the cerebellum was removed as described previously (Anderson and Keifer 1999) . Therefore this preparation consisted of only the pons with the cerebellar circuitry removed. The brain stem was continuously bathed in physiological saline (2-4 ml/min) containing (in mM): 100 NaCl, 6 KCl, 40 NaHCO 3 , 2.6 CaCl 2 , 1.6 MgCl 2 , and 20 glucose, which was oxygenated with 95% O 2 -5%CO 2 and maintained at room temperature (22-24°C) at pH 7.6 (Anderson and Keifer 1999) . Suction electrodes were used for stimulation and recording of cranial nerves. The US was an approximately twofold threshold single-shock stimulus applied to the trigeminal nerve; the CS was a subthreshold 100-Hz, 1 s train stimulus applied to the ipsilateral posterior root of the eighth nerve that was below the threshold amplitude required to produce activity in the abducens nerve (Anderson and Keifer 1999; Keifer 2001; Keifer et al. 1995) . The latter nerve will be referred to as the auditory nerve because it carries predominantly auditory fibers. Neural activity was recorded from the ipsilateral abducens nerve that projects to the extraocular muscles controlling movements of the eye, nictitating membrane, and eyelid. The CS-US interval was 20 ms, which is defined as the time between the offset of the CS and the onset of the US. This brief trace delay interval was found to be optimal for conditioning, however, conditioning is not supported using longer trace intervals (Keifer 2001) . The intertrial interval between the paired stimuli was 30 s. A pairing session consisted of 50 CS-US presentations followed by a 30 min rest period in which there was no stimulation (Keifer et al. 1995) . Conditioned responses were defined as abducens nerve activity that occurred during the CS and exceeded an amplitude of double the baseline recording level. Conditioned preparations were those that received paired CS-US stimulation, whereas pseudoconditioned control preparations received the same number of CS and US exposures that were explicitly unpaired using a CS-US interval randomly selected between 100 ms and 25 s. Both groups received five to six pairing sessions.
Pharmacology
The following membrane-permeable compounds were dissolved in physiological saline and perfused through the bath to test for the function of the MAPKs in conditioning: the MEK inhibitor PD98059 (2Ј-amino-3Ј-methoxyflavone), which inhibits the ERK MAPK pathway (50 M), or the p38 MAPK inhibitor SB203580 [4(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridil)1H-imidazole, 200 nM; Calbiochem, San Diego, CA]. These compounds are reported to be selective for the ERK and p38 MAPK pathways (Thomas and Huganir 2004) and maintain their selectivity in turtles (see RESULTS) . In some experiments, drug application was performed before the beginning of conditioning and continued throughout the conditioning procedure to test for the effects of drug treatment on induction of abducens CRs. In other experiments, preparations underwent the conditioning procedure in normal physiological saline and were tested for drug effects on expression of CRs. Drug was then washed from the bath and conditioning resumed in normal saline to test for CR recovery.
Immunocytochemisty for MAPKs
For ERK and p38 MAPK immunostaining of the pontine blinkrelated pathways including the abducens motor neurons, naive brain stems were immersion fixed in cold 3% paraformaldehyde. Tissue sections were cut at 30 m and preincubated in 10% normal goat serum for 1 h followed by incubation in primary antibody overnight at 4°C with gentle shaking. The primary antibodies used detected total protein for p38 MAPK (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA) and ERK MAPK (1:5,000; Chemicon, Temecula, CA). After incubation in the primary antibodies, sections were rinsed and incubated with secondary antibodies for 2 h using a concentration 1:100. After incubation in the secondaries, sections were rinsed, mounted on slides, and coverslipped.
Western blot analysis
Turtle brain stems were pseudoconditoned or conditioned for two or five pairing sessions. They were then frozen in liquid nitrogen immediately after the physiological experiments and stored at Ϫ70°C. Tissue was homogenized and homogenates centrifuged at 1,000 g for 10 min at 4°C and supernatants recentrifuged at 20,000 g for 20 min. Pellets were resuspended in ice-cold high-performance liquid chromatography (HPLC) grade water, spun at 7,600 g, resuspended again in HPLC grade water, and clarified by centrifugation at 48,000 g for 20 min at 4°C. Final pellets were resuspended in 50 mM HEPES FIG. 1. Abducens motor neurons in turtle are immunopositive for extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein kinases (MAPKs). A: schematic diagram of the pontine blink-related pathways in pond turtles. See text for details. Abbreviations: nV, nVIII/US, CS, inputs from the trigeminal and auditory nerves; pV, principal sensory trigeminal nucleus; pVI, principal abducens nucleus; accVI, accessory abducens nucleus; nVI, abducens nerve. B: immunocytochemical staining of the principal (left) and accessory (right) abducens motor neurons for total ERK and p38 MAPK protein in naive turtle brain. Scale bar ϭ 100 m. C: Western blots showing the specificity of the antibodies used for the immunostaining. Both ERK and p38 were run on naive brain tissue from turtle (T) and rat (R). Bands appeared at the appropriate molecular weight in turtle tissue compared with tissue from rats.
buffer (pH 7.4), aliquoted, and stored at Ϫ20°C. Protein sample concentrates were solubilized in 1 ϫ SDS/␤-mercaptoethanol and boiled for 3 min before separation by 8% SDS-PAGE. After electrophoresis, membranes were blocked with 5% nonfat dry milk in PBS/0.1% Tween-20 for 4 h at 4°C. The membranes were incubated with phosphorylation site-directed antibodies to p38 that recognize dually phosphorylated Thr180 and Tyr182 (P-p38; 1:500, Promega, Madison, WI; or 1:1,000, Cell Signaling Technology, Danvers, MA) and ERK that recognize dually phosphorylated sites at Thr183 and Tyr185 (P-ERK; 1:1000, Promega). For total protein we used p38 (1:1,000, Santa Cruz Biotechnology; or 1:1000, Cell Signaling Technology) and ERK (1:5,000, Chemicon). Membranes were incubated overnight in PBS/0.1% Tween-20/0.1%-BSA at 4°C, washed, and incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000) for 2 h at room temperature. Loading controls were performed using primary antibodies to actin (1:500, Chemicon). Proteins were detected using the ECL-Plus chemiluminescence system (Amersham Pharmacia, Piscataway, NJ). Immunoreactive signals were captured on Kodak X-omatic AR film and quantified by computer-assisted densitometry. Optical densities for the bands were determined relative to background levels. Quantification of total protein was determined relative to actin, whereas phospho-protein was determined relative to total protein for the same experiments. Ratios of total protein/actin or phospho-protein/total protein were obtained for each experiment and averaged. Data are displayed as a percentage of normalized values from pseudoconditioned controls.
Glutamate receptor localization, confocal imaging, and data analysis
Immediately after the physiological experiments, brain stems were immersion fixed in cold 0.5% paraformaldehyde . The primary antibodies used were a monoclonal antibody raised in rabbit that recognizes the NR1 subunit of NMDA receptors (1:1,000, Chemicon), a polyclonal antibody raised in goat that recognizes the GluR4 subunit of AMPA receptors (1:100, Santa Cruz Biotechnology), and a monoclonal antibody raised in mouse that recognizes synaptophysin (1:1,000, Sigma, St. Louis, MO). Specificities of all antibodies were confirmed by Western blot. After the primary antibodies, sections were rinsed and incubated with secondary antibodies for 2 h using a concentration of 1:100 for NR1 and GluR4 or 1:200 for synaptophysin. The secondary antibodies were a Cy3-conjugated goat anti-rabbit IgG for NR1, a Cy3-conjugated rabbit anti-goat IgG for GluR4, and a Cy2-conjugated goat anti-mouse IgG for synaptophysin (Jackson ImmunoResearch, West Grove, PA) that were used to visualize the primary antibodies. After incubation in the secondary antibodies, sections were rinsed, mounted on slides, and coverslipped. Images of labeled neurons in the principal or accessory abducens motor nuclei were obtained using an Olympus Fluoview 500 laser-scanning confocal microscope. Tissue samples were scanned using a 60 ϫ 1.4 NA oil immersion objective with dual excitation using a 488-nm argon laser and a 543-nm HeNe laser and saved as 24-bit image files. Quantification of punctate staining of at least twofold greater intensity above background was performed using stereological procedures with MetaMorph software (Universal Imaging, Downington, PA). Briefly, images of two consecutive optical sections were taken using confocal microscopy. Protein puncta were counted in one optical section (sample section) if they were not present in the optical section immediately below the sample section (look-up section) and if they were within the inclusion boundaries of the unbiased counting frame. Colocalized staining indicating the presence of glutamate receptor subunits at synaptic sites was determined when red and green puncta were immediately adjacent to one another or if they were overlapping. All data were analyzed using StatView software (SAS Institute, Cary, NC) by ANOVA.
R E S U L T S ERK and p38 MAPK immunoreactivity of abducens blinkrelated pathways
Tract tracing studies demonstrate that the principal sensory trigeminal nucleus, cochlear/vestibular nuclear complex, and the abducens motor neurons form the pontine abducens blinkrelated pathways in turtles ( Fig. 1A ; Zhu and Keifer 2004) . The CS and US pathways converge on both the principal (pVI) and accessory (accVI) abducens motor nuclei and the principal sensory trigeminal nucleus (pV). The principal trigeminal nucleus in turn projects to the abducens nuclei. Additionally, the accessory abducens nucleus receives inputs from the cochlear nucleus, whereas the principal abducens nucleus receives inputs from the vestibular nuclei that are innervated by the eighth nerve (not shown). Convergent CS-US inputs onto the abducens motor neurons occur primarily onto the somata and proximal dendrites . The motor nuclei in turn project to the extraocular muscles controlling movements of the eye, nictitating membrane, and eyelid. The abducens motor nuclei were previously shown to be immunopositive for both NMDA and AMPA glutamate receptors (Keifer and Carr 2000) . Further immunocytochemical analysis of these pathways here reveals these neurons to be immunopositive for the MAPKs. In naive (untrained) preparations, immunostaining for total ERK protein resulted in labeled neurons in the principal and accessory abducens motor nuclei, as shown in Fig.  1B . There was also light staining of the principal sensory trigeminal nucleus and the cochlear nuclei. Staining for total p38 MAPK resulted in labeling of the abducens motor nuclei (Fig. 1B) , as well as the cochlear nuclei. The principal sensory trigeminal nucleus contained only a few lightly labeled immunopositive neurons. Therefore the pontine abducens blinkrelated pathways were generally immunopositive for ERK and the p38 MAPKs. Western blots were run to demonstrate the specificity of the antibodies used in the turtle compared with mammalian tissue and these data are shown in Fig. 1C . For ERK MAPK, two bands appeared for both turtle (T) and rat (R) naive brain tissue corresponding to ERK1 and ERK2 and migrating to about 42 and 44 kDa, respectively. For p38 MAPK, a single band migrated to nearly 38 kDa for both turtle and rat brain. These data indicate that the antibodies used for the immunocytochemical findings maintained their specificity in brain tissue from turtles.
Attenuation of induction and expression of in vitro conditioning by antagonists of ERK and p38 MAPKs
The effect of selective MAPK antagonists on the induction and expression of in vitro abducens classical conditioning was examined and these data are summarized in Figs. 2 and 3 . Results using the selective ERK MAPK antagonist PD98059 are shown in Fig. 2 . Representative abducens nerve recordings show an abducens nerve CR ( Fig. 2A, arrow) followed by the unconditioned response (UR) recorded in the second pairing session before drug application (Normal). Application of PD98059 blocked the expression of CRs while leaving the UR largely unaffected (PD98059). Wash-out of the drug resulted in recovery of CRs (arrow, Wash). Acquisition curves of the mean percentage of abducens CR responding during drug treatment during the induction (Fig. 2B) and expression (Fig. 2C ) phases of conditioning are shown in Fig. 2 . Application of PD98059 during CR induction resulted in no significant CR acquisition [ Fig. 2B ; n ϭ 11, F(3,40) ϭ 0.7, P ϭ 0.54]. This compound also significantly attenuated CR expression to an average of 18 Ϯ 5% CRs when applied for two pairing sessions after acquisition [ Fig. 2C ; n ϭ 7, F(5,31) ϭ 4.1, P ϭ 0.002]. The effects of PD98059 were readily reversible. Application of SB203580, a selective p38 MAPK antagonist, also attenuated induction and expression of abducens CRs. Representative records from one experiment on CR expression are shown in Fig. 3A , illustrating blockade of CRs during drug application. Application of SB203580 during induction of conditioning resulted in no CR acquisition [ Fig. 3B ; n ϭ 8, F(3,28) ϭ 1.1, P ϭ 0.38] and CR expression after acquisition was significantly attenuated to an average of 8 Ϯ 10% CRs [ Fig. 3C ; n ϭ 6, F(4,24) ϭ 17.3, P Ͻ 0.0001] after just one pairing session. These pharmacological findings suggest that both ERK and p38 MAPK pathways support in vitro induction and expression of abducens conditioning although blockade of the p38 pathway appears to have been more effective on conditioning.
To make any firm conclusions on the function of ERK and p38 MAPK in conditioning, it was necessary to confirm the specificity of these compounds in turtle brain. As shown in Fig.  4 , Western blots revealed that preparations in which conditioning was blocked by PD98059 suppressed expression of P-ERK [n ϭ 3, F(1,4) ϭ 40.1, P ϭ 0.002] but not P-p38 MAPK as expected. On the other hand, preparations in which CRs were blocked by SB203580 inhibited expression of P-p38 MAPK [n ϭ 3, F(1,4) ϭ 24.7, P ϭ 0.007] while leaving P-ERK unaffected. Therefore these compounds are effective in selectively blocking either the ERK or p38 MAPK pathways in turtles.
Enhanced expression of total and phosphorylated p38 protein, but not ERK, after late stages of conditioning
To further clarify the roles of ERK and p38 MAPK pathways in in vitro conditioning, Western blot analysis was performed on conditioned and pseudoconditioned brain stem preparations that received five sessions of training. First, a determination of total protein levels was evaluated and these results are shown in Fig. 5, A and B. Comparison of the ratio of total ERK in relation to actin in pseudoconditioned and conditioned preparations showed no significant differences between these groups [ Fig. 5A , n ϭ 5;
Representative bands of total ERK and actin from the two treatment groups are shown. In contrast to ERK, total protein for p38 MAPK was significantly increased in conditioned preparations compared with pseudoconditioned controls [Fig.  5B , n ϭ 6; F(1,10) ϭ 4.9, P ϭ 0.05]. Representative bands from these preparations are also shown. Thus total protein for p38 MAPK was significantly increased after conditioning, whereas the total level of ERK was unchanged. Next, we examined levels of ERK and p38 MAPK in their phosphorylated states after conditioning or pseudoconditioning by West- FIG. 3. An antagonist to the p38 MAPK pathway attenuates both induction and expression of in vitro abducens classical conditioning. A: physiological records of abducens nerve recordings taken from one experiment in which the compound SB203580 [4(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridil)1H-imidazole, or SB] blocked CR expression. Traces: an abducens nerve CR (arrow) followed by the UR recorded in the 2nd pairing session before drug application (Normal). Record obtained during application of SB in the 3rd pairing session blocked the expression of CRs but the UR was largely unaffected (SB). Wash-out of the drug in the 5th session resulted in reexpression of CRs (Wash). CS and US are indicated at bottom. B and C: acquisition curves (means Ϯ SD) of the percentage of abducens CRs during the induction (B) and expression (C) phases of conditioning. B: application of SB resulted in no CR acquisition. C: application of SB significantly attenuated CR expression after one pairing session. P values are given in the text. FIG. 2. An antagonist to the ERK MAPK pathway attenuates both induction and expression of in vitro abducens classical conditioning. A: physiological records of abducens nerve recordings taken from one experiment in which the compound PD98059 (2Ј-amino-3Ј-methoxyflavone, or PD) blocked conditioned response (CR) expression. Traces: an abducens nerve CR (arrow) followed by the unconditioned response (UR) recorded in the 2nd pairing session before drug application (Normal). Record obtained during application of PD in the 4th pairing session blocked the expression of CRs, although the UR was largely unaffected (PD). Wash-out of the drug in the 6th session resulted in reexpression of CRs (Wash). Conditioned and unconditioned stimuli (CS and US, respectively) are indicated at bottom. B and C: acquisition curves (means Ϯ SD) of the percentage of abducens CRs during the induction (B) and expression (C) phases of conditioning. B: application of PD resulted in no CR acquisition. C: application of PD significantly attenuated CR expression after 2 pairing sessions. P values are given in the text. ern blot. These findings are shown in Fig. 5 , C and D. Similar to the total protein levels, there were no significant differences in the ratio of P-ERK in relation to total ERK between pseudoconditioned and conditioned preparations [ Fig. 5C , n ϭ 5; F(1,8) ϭ 0.1, P ϭ 0.80]. In contrast, the level of P-p38 was significantly elevated in preparations that were conditioned compared with those that were pseudoconditioned [ Fig. 5D , n ϭ 7; F(1,12) ϭ 6.6, P ϭ 0.02]. Representative bands for P-ERK and P-p38 compared with total ERK and p38 are shown. The results of the Western blot analysis indicate that both protein synthesis and phosphorylation of p38 MAPK are increased after five sessions of in vitro conditioning compared with pseudoconditioning, but that levels of ERK MAPK are unchanged.
Increased expression of phosphorylated ERK protein after early stages of conditioning
Because levels of ERK protein were unchanged after five sessions of conditioning, we examined the levels of MAPK protein in the early stages of conditioning after two pairing sessions. These findings are summarized in Fig. 6 . Total ERK protein in relation to actin was unchanged after two sessions of conditioning [ Fig. 6A , n ϭ 3; F(1,4) ϭ 1.4, P ϭ 0.30], similar to findings for five sessions (Fig. 5A) . However, the phosphorylated form of ERK with respect to total ERK was significantly increased after two pairing sessions during CR acquisition compared with later stages of conditioning after five sessions [ Fig. 6C, n ϭ 3; F(1,4) ϭ 33.0, P ϭ 0.004]. Activation of ERK appeared to be transient because it declined to control values after five sessions as indicated in Fig. 5C . The levels of total or phosphorylated p38 after early conditioning, on the other hand, were not as elevated as those observed after late conditioning after five sessions. Values for total p38 after two sessions trended lower but were not significantly different from five sessions [ Fig. 6B, n ϭ 3; F(1,4) ϭ 2.5, P ϭ 0.19]. However, levels of phosphorylated p38 were significantly lower after two sessions of conditioning compared with five sessions [Fig. 6D,  n ϭ 4, F(1,6) ϭ 5.8, P ϭ 0.05]. Therefore ERK was activated early in conditioning during CR acquisition and declined, whereas p38 was activated later in conditioning during CR expression.
Synaptic localization of GluR4-containing AMPA receptors after inhibition of conditioning with MAPK antagonists
Immunocytochemistry and confocal imaging of abducens motor neurons were performed to determine the synaptic localization of GluR4-containing AMPARs after attenuation of conditioning by MAPK antagonists. Our main hypothesis was that GluR4-containing AMPARs underlie conditioning in this preparation and thus their synaptic localization should parallel CR expression. The results confirmed this prediction and these data are shown in Fig. 7 . For this set of experiments, preparations were conditioned to a mean of about 60 -70% CRs and then underwent blockade by bath application of either SB203580 (to a mean of 10% CRs; n ϭ 3) or PD98059 (to a   FIG. 4 . Selectivity of the ERK and p38 MAPK antagonists. Western blot analysis was performed on preparations that were conditioned (Cond) for 4 sessions or were conditioned for 2 sessions followed by blockade of CRs by either PD98059 (PD) or SB203580 (SB) application for 2 sessions. Data from the antagonist-treated groups are plotted as the percentage of protein relative to normalized values from conditioned preparations. Analysis shows that PD blocked expression of P-ERK but not P-p38 and that SB blocked expression of P-p38 but not P-ERK, thereby demonstrating their selectivity. P values are given in the text. FIG. 5. Increased expression of total and phosphorylated p38 MAPK protein, but not levels of total and phosphorylated ERK, after late stages of in vitro conditioning. Western blots of total protein for ERK (A) and p38 (B) MAPK from brain stem preparations pseudoconditioned (Ps) or conditioned for 5 pairing sessions (Cond 5) are shown relative to actin. Data are displayed as a percentage of normalized values from pseudoconditioned controls. There was no difference in total ERK protein between pseudoconditioned and conditioned groups, although the level of total p38 protein after conditioning was significantly increased. Expression of the phosphorylated forms of p38 MAPK protein, but not of ERK, was also increased after in vitro conditioning. No significant change in the level of P-ERK (C) relative to total ERK was detected between the pseudoconditioned and conditioned groups, although levels of P-p38 (D) relative to total p38 were significantly increased in conditioned preparations vs. pseudoconditioned controls. P values are given in the text. mean of 17% CRs; n ϭ 3). Both the ERK and p38 MAPK pathway antagonists blocked the conditioning-related increase in punctate staining for GluR4 AMPA-receptor subunits [Fig. 7E, GluR4; F(1, 49 ) ϭ 24.6, P Ͻ 0.0001, conditioned vs. the pseudoconditioned group; SB203580, F(1,52) ϭ 29.0, P Ͻ 0.0001, PD98059, F(1,48) ϭ 7.2, P ϭ 0.005, vs. the conditioned group]. Significantly, GluR4 subunit localization at synaptic sites during conditioning indicated by colocalization with synaptophysin was also attenuated by both compounds [Fig. 7E , GluR4 ϩ Syn; F(1,49) ϭ 27.2, P Ͻ 0.0001, conditioned vs. the pseudoconditoned group; SB203580, F(1,52) ϭ 20.7, P Ͻ 0.0001, PD98059, F(1,48) ϭ 4.4, P ϭ 0.03, vs. the conditioned group], as evidenced by reduced colocalized puncta in the confocal images (Fig. 7, A-D, arrows) , and paralleling the inhibition of CR expression by these antagonists. Similar to the pharmacological findings on CRs, the effects of PD98059 on GluR4 punctate staining and colocalization with synaptophysin was slightly weaker than those of SB203580. Interestingly, neither of the MAPK antagonists blocked the conditioning-related increase in the presynaptic protein synaptophysin [ Fig. 7E, Syn; F(1,75) ϭ 46.3, P Ͻ 0.0001, conditioned vs. pseudoconditioned groups; SB203580, F(1,89) ϭ 0.4, P ϭ 0.57, PD98059, F(1,87) ϭ 11.2, P Ͻ 0.001, vs. the conditioned group]. This is illustrated by the images of synaptophysin staining from all four treatment groups (Fig. 8, A-D) . After conditioning, punctate staining for synaptophysin increased dramatically compared with pseudoconditioned preparations (Fig. 8, A and B) . Such staining was not significantly reduced by treatment with either SB203580 or PD98059 (Figs. 7E and 8, C and D) . These findings were also confirmed by Western blot analysis (not shown). In fact, PD98059 application resulted in further enhancement of synaptophysin punctate staining above the conditioned group. The results suggest that the MAPKs have a primary role in postsynaptic mechanisms that regulate GluR4-containing AMPAR trafficking during conditioning.
D I S C U S S I O N
Our primary working hypothesis for classical conditioning in this preparation is that the synaptic delivery of GluR4-containing AMPARs underlies the acquisition and expression of abducens CRs. This process is NMDAR dependent and requires interactions among GluR4 subunits, the immediateearly gene protein Arc, and the actin cytoskeleton (Keifer 2001; Mokin and Keifer 2004; . As in other systems (Antonov et al. 2003) , conditioning also involves coordinate presynaptic mechanisms because the presynaptic protein synaptophysin consistently undergoes conditioningrelated enhanced synthesis and results in significantly more numerous puncta on abducens motor neurons after conditioning . Aspects of our model for conditioning have been confirmed by the present findings. Moreover, evidence supports a role for the MAPK signaling cascades in AMPAR trafficking during conditioning.
Role of the MAPKs in in vitro conditioning
The pharmacological findings that the selective MAPK antagonists PD98059 and SB203580 attenuate the induction and expression of abducens CRs strongly support the conclusion that the MAPK signaling pathways have a role in in vitro conditioning. Parallel to the reduction in CRs, significantly decreased colocalization of GluR4 with synaptophysin was observed in antagonist-treated preparations, indicating fewer GluR4-containing AMPARs at synaptic sites compared with conditioned preparations. An incongruity in the synaptic localization of GluR4 subunits and CR expression would cast doubt on the role of these AMPARs in conditioning. However, these data provide further support for our hypothesis that synaptic delivery of GluR4-containing AMPARs underlies abducens CRs. The data further suggest that the timing of protein kinase activation during conditioning is critical. Here, ERK is activated in early stages of conditioning during CR acquisition and synaptic insertion of GluR4-containing AMPARs, whereas p38 is activated in later stages during CR expression and synaptic GluR4 subunit maintenance. Unlike some other models of associative learning, very little is known about the activity of protein kinase signaling cascades in eyeblink classical conditioning. Few studies have addressed such issues and all have examined the cerebellum. Most notably, Zhen et al. (2001) found that both ERK and p38 MAPKs were increased during conditioning and that intraventricular infusion of the p38 MAPK antagonist SB203580 significantly attenuated eyeblink CRs in behaving rabbits, whereas the ERK antagonist PD98059 had weaker effects. These results are similar to those of the present study. The differential roles of the ERK and p38 MAPKs in AMPAR trafficking and classical conditioning remain to be elucidated. 
Presynaptic effects of the MAPKs?
The p38 MAPK antagonist SB203580 had no effect on the conditioning-related increase in the presynaptic protein synaptophysin observed here and elsewhere ; see also Antonova et al. 2001) as determined by immunostaining and Western analysis. Therefore at least as far as can be determined by this protein, p38 MAPK appears to function postsynaptically rather than by exerting its effect presynaptically. The ERK antagonist PD98059, on the other hand, resulted in significantly increased levels of synaptophysin above those already increased during conditioning. On the surface, this finding may suggest that blockade of ERK has presynaptic, as well as postsynaptic, effects on conditioning. However, this may not be a direct effect if there is retrograde signaling from postsynaptic to presynaptic sites as is postulated for some models of learning (Antonov et al. 2003; Roberts and Glanzman 2003) . The conditioning-induced increase in synaptophysin is blocked by AP-5 . Therefore one plausible possibility is that presynaptic modifications reflected by enhanced synaptophysin are stimulated by postsynaptic activation of NMDARs and related signaling cascades that activate a retrograde signal. Consistent with this idea, turtle abducens motor neurons are immunopositive for brainderived neurotrophic factor (BDNF) and bone morphogenetic proteins (BMPs; Li and Keifer, unpublished observations), neurotrophic factors that are implicated as diffusible molecules involved in presynaptic modulation (Bramham and Messaoudi 2005) . Whether ERK has a direct presynaptic function remains an open question. The role of increased levels of synaptophysin in conditioning is presently unclear and may be a consequence of synaptogenesis or serve to facilitate neurotransmitter release.
MAPK regulation of glutamate receptor trafficking and conditioning
MAPK signaling cascades are strongly implicated in the control of AMPAR trafficking. One model suggests that Ras-MEK-ERK signaling regulates synaptic delivery of AMPARs and synaptic enhancement, whereas Rap-p38 controls AMPAR withdrawal and synaptic depression (Zhu et al. 2002) . Therefore the Ras and Rap small GTPases are postulated to have antagonistic effects, although this model is likely to be oversimplified as a result of the cross talk between these pathways by way of B-Raf (Kennedy et al. 2005; Thomas and Huganir 2004) . In contrast to the findings of Zhu et al. (2002) , Kim et al. (2005) provided evidence that Ras-ERK inhibition resulted in withdrawal of surface AMPARs. Upstream from Ras/Rap, SynGAP, a GTPase-activating protein localized to the postsynaptic density, is believed to regulate the balance of activity of the Ras and Rap cascades. Consistent with Zhu et al. (2002) , recent studies of SynGAP function in hippocampal cultures provide evidence that p38 activation reduces AMPAR surface expression (Rumbaugh et al. 2006) . Likewise, p38 MAPK inactivation increases AMPAR surface clusters (Krapivinsky et al. 2004) . However, these studies disagree on the actions of SynGAP in Ras-ERK and Rap-p38 regulation. The present data using an in vitro model of classical conditioning are contrary to aspects of these findings regarding glutamate receptor trafficking in cultured neurons. Specifically, our findings suggest that both ERK and p38 MAPK activation participate in synaptic insertion of AMPARs during conditioning that is FIG. 7. Localization studies using confocal microscopy reveal that conditioning-related synaptic insertion of GluR4 subunits is attenuated by MAPK antagonists. A-D: confocal images of selected abducens motor neurons showing punctate staining for GluR4 subunits (red) and synaptophysin (green) from each of the 4 experimental groups: pseudoconditioned (Ps; A), conditioned (Cond; B), SB203580-treated (SB; C), and PD98059-treated (PD; D) preparations. Higher magnification images are shown in the bottom panels in which colocalized overlapping (yellow) or adjacent puncta are indicated (arrows). There are clearly fewer colocalized puncta in the pseudoconditioned, SB-treated, and PD-treated cases compared with the conditioned case. E: quantitative analysis of GluR4, synaptophysin, and GluR4 ϩ synaptophysin punctate staining for the different treatment groups. Conditioned group showed significantly greater GluR4 staining, and GluR4 colocalization with synaptophysin, than the pseudoconditioned controls or preparations treated with SB or PD. Levels of synaptophysin punctate staining were significantly increased in the conditioned, SBtreated, and PD-treated groups compared with pseudoconditioned preparations. P values are given in the text. Scale bar ϭ 10 m, top panels; 2 m, bottom panels. attenuated by pharmacological blockade of these pathways. Regulation of classical conditioning by the MAPKs is supported by the behavioral studies of eyeblink conditioning in rabbits by Zhen et al. (2001) . An important aspect of MAPK function in classical conditioning revealed here is the relative timing of activation. ERK is activated earlier in conditioning compared with p38 and therefore these signaling cascades are likely to have selective roles in AMPAR trafficking during the acquisition and expression phases of classical conditioning. Apart from other obvious differences between the studies using hippocampal cultures and the present one, native GluR4 AMPAR subunits are selectively regulated in this system compared with native or recombinant GluR1 and GluR2/3, which are usually under scrutiny in those studies. Subunit composition likely affects the specific regulatory mechanisms required for receptor trafficking (Zhu et al. 2002) . In addition to the MAPKs, it is also clear that multiple parallel protein kinase signaling cascades have a role in conditioning in this preparation, including PKA and the calcium calmodulin-dependent protein kinases (Keifer, unpublished observation) , which have upstream regulatory actions on MAPK expression. The specific roles of these other signaling pathways in AM-PAR trafficking during conditioning and their integration with the MAPKs remain to be defined. In terms of the MAPK signaling cascades, the present study supports the conclusion that the p38 and ERK MAPKs have a central role in the synaptic delivery of GluR4-containing AMPARs in in vitro classical conditioning.
